Abstract Bacteriophages were isolated from a laboratory scale enhanced biological phosphate removing (EBPR) activated sludge process, and their host range was examined. Bacterial isolates to host the bacteriophages were isolated from the EBPR activated sludge process. Bacteriophages were eluted from the EBPR activated sludge, enriched by incubation with the bacterial isolates, and then tested for plaque formation on each of the bacterial isolates. Out of 12 bacterial isolates isolated, 4 supported plaque formation. Four bacteriophages were obtained from the plaques. The host range test was conducted with the combination of the bacteriophage isolates and the bacterial isolates. Three of the bacteriophages were found to form plaques on more than one host, and one of them formed plaques on both Gram +ve and Gram -ve bacterial isolates. Two of the four bacteriophages failed to form plaques on their original bacterial host, indicating the existence of mutation on either both or one of the host and the bacteriophage. This study strongly suggests that bacteriophages are an active part of the activated sludge microbial ecosystem, having very complex interaction with their host bacteria.
Introduction
Activated sludge contains diverse kinds of microorganisms. While the visible components such as bacteria and protozoa have been studied intensively, very little attention has been paid to bacteriophage there. The role of bacteriophages in the natural environment such as the marine ecosystem is being intensively studied, and there, bacteriophage is supposed to be affecting the microbial community structure by lysis of host cells (Fuhrman, J.A, 1999) . They are also known to act as gene carriers between different microbial groups (Ogunseitan et al., 1990) . Ewert and Paynter (1980) enumerated bacteriophage-like particles in an activated sludge reactor and observed the higher number of bacteriophages in activated sludge mixed liquor and in effluent than in influent, indicating the net production of bacteriophages in the activated sludge reactor. It is quite expected that bacteriophages are playing important roles in microbial selection and horizontal gene transfer in activated sludge ecosystems.
The EBPR activated sludge processes are employed as an economical method for the removal of phosphorus from wastewater. However, the efficiency of phosphorus removal by the EBPR process is not stable enough and sometimes unexpectedly high phosphate concentration is observed in the effluent for unknown reasons. One of the causes of the inefficiency might be the lysis of polyphosphate accumulating organisms in activated sludge by bacteriophages which results in the release of phosphate into the treated water.
In this study, bacterial isolates to host bacteriophages were isolated from a laboratory scale EBPR activated sludge process fed with synthetic wastewater. Bacteriophages were isolated from the EBPR activated sludge, and their host range on isolated bacteria was studied. 
Materials and methods
The source of bacterial isolates was a laboratory scale enhanced biological phosphate removal reactor acclimatized with acetate rich synthetic wastewater. For the isolation of the bacteria to host bacteriophages, activated sludge sample was taken at the end of the aerobic phase of the EBPR process. The phosphorus content of the activated sludge was around 5% (P/MLSS). The sample was sonicated and subjected to centrifugation in 55% (w/w) sucrose solution, in order to separate polyphosphate rich cells that have higher density than other components (Nakamura et al., 1991) . After centrifugation, the polyphosphate rich cells settled at the bottom of the centrifugation tube (bottom fraction). The bottom fraction was collected and resuspended in PBS buffer. Different dilution series of the resuspended bottom fraction were plated on the culture medium and incubated at 20°C for more than 5 days. The cultures were purified by picking an individual colony and repeatedly streaking on the culture a medium containing sodium acetate, tryptone, yeast extract, sodium chloride, and agar as the major components (mLB medium). The isolates were identified by Biolog identification system (Biolog Inc, Hayward, CA, and USA). Gram staining was performed for all the isolated pure cultures. Whole colony Nile blue A staining was applied to examine polyhydroxyalkanoates (PHA) accumulation of the isolates (Kitamura and Doi, 1994) .
In order to test if there are bacteriophages that lyse the isolated bacteria, bacteriophages were first extracted from activated sludge, enriched by incubation with the bacterial isolate to be tested, and then a plaque formation test was performed. For the extraction of bacteriophages, 100 ml of activated sludge sample was mixed with an equal volume of 10% beef extract solution and stirred overnight at 20°C. The sample was centrifuged and the supernatant was filtered through sterilized 0.25 µm membrane filter. For the enrichment of bacteriophages, the filtrate was mixed with 1 ml of exponentially growing bacterial isolate to be tested and incubated for 6-12 hours at 20°C. Samples of the enriched bacteriophage were then tested for plaque formation on a lawn of the respective bacterial isolates by the agar overlay method. Bacteriophages were isolated by picking them from a single plaque and subjected to the host range test, where plaque purified bacteriophages were spotted on the lawn of different isolates from activated sludge to observe plaque formation.
Results and discussion
The bottom fraction obtained after the separation of the activated sludge sample by centrifugation in 55% (w/w) sucrose solution was plated on the mLB medium. After the incubation for more than five days at 20°C, several colonies of different color and morphological characteristics were observed. In total, 12 colonies were picked up for their preliminary characterization by Gram staining and PHA staining by Nile blue A. The identification of isolated bacteria was performed by the Biolog assay. The salient features of the isolates were that most of them were slow growers i.e. it took them more than 5 days to produce visible colonies. Out of 12 hosts chosen, two were Gram -ve while the remaining 10 were Gram +ve. The five isolates out of 12 were found PHA + ve. The Biolog assay indicated that most of the slow growers belong to the Brevibacterium genus (6 out of 12) of Gram +ve, high G+C group.
Isolation of polyphosphate accumulating organisms (PAOs) that are responsible for EBPR is known to be very difficult. It has been suggested that PAOs accumulate polyphosphate and PHA, and they are suspected to be slow growers (Mino et al., 1998) . Although, the isolates obtained in this study were not examined to see if they perform EBPR metabolisms, they are supposed to satisfy the characteristic points of PAOs above mentioned. That is, they were isolated from the bottom fraction obtained in 55% sucrose solution, in which polyphosphate accumulating organisms are concentrated (Nakamura et al., 1991) . Most of them accumulated polyhroxyalkanoates. In addition, it took more than 5 days for all of them to form visible colonies on culture media (mLB). In the broth media also these bacteria have shown very slow growth rate.
For the isolation of the bacteriophages, the 12 isolated pure cultures were used as the host. Plaque formation was observed during the incubation for more than 5 days at 20°C. We observed small size clear plaques for four hosts (L11, L15, L17 and L22) after the incubation of 5 days. The remaining eight isolates did not produce any plaques. The number of plaques on all four hosts increased after further incubation. It was observed that the plaque formation time was dependent upon the growth rate of the host isolates. Table 1 shows the data of Biolog identification of slow growing hosts and their isolated bacteriophages.
The host ranges of the four bacteriophages (φL11, φL15 φL17 and φL22) isolated were examined on seven isolates obtained in this study. One more host (L2, Gram -ve rod) of fast growth rate, which was isolated by direct plating of sonicated activated sludge, was used for the host range experiments. Table 2 shows the lytic patterns of four bacteriophages on the eight isolates. Five isolates (L12, L16, L19, L20 and L21) were not used in the host range test because of their extremely slow growth in the broth medium. It can be noticed from the table that all four bacteriophages showed different lytic activities on each isolate tested.
Bacteriophage φL11 gave plaques on L15 and on its original host L11 but did not form plaques on the remaining six isolates (L2, L13, L14, L17, L18 and L22). The original host 
Plaque formation, -; no plaque formation, nc; not checked of bacteriophage φL11 was Gram +ve coccus (L11) but φL11 formed plaques on morphologically different host L15 which is Gram +ve rod. Bacteriophage fL15 formed plaques on its original host and one fast growing Gram -ve host (L2). The plaque formation by φL15 on fast grower (L2) was less than 3 days, while on L15, it took more than 5 days to form plaques. Bacteriophage φL17 was unable to form plaques on its original host isolate but rather it formed plaques on two different isolates (L15 and L22). Bacteriophage φL22 did not form plaques on any of the isolates tested, including its original host (L22). It was observed that out of eight isolates, one (L15) was sensitive to three (φL11, φL15 and φL17) of the four bacteriophages tested. These three bacteriophages formed clear plaques on this isolate after incubation of more than 5 days.
From the host range test, two main features were observed. Firstly, at least three bacteriophages out of four were able to infect more than one isolate. This indicates that bacteriophages with a broad host range are present in the activated sludge system. Hantula et al. (1991) also reported broad host range bacteriophages from the activated sludge; in their report, 7 out of 47 bacteriophages obtained had a broad host range. On the other hand, in this study, 3 out of 4 bacteriophages had a broad host range. One bacteriophage (φL15) was found to infect both Gram +ve and Gram -ve hosts. Most of aquatic bacteriophages examined to date have demonstrated either species or strain specificity (Wommack and Colwell, 2000) but never between Gram +ve and Gram -ve domains. It is noteworthy, that bacteriophages with extremely wide host range are present in the activated sludge ecosystem.
The second feature observed from the host range study was that two bacteriophages (φL17 and φL22) failed to infect their original hosts for which they were first isolated. The result can be interpreted in two different ways. The first interpretation is that infection did not occur because host bacteria had developed resistance to bacteriophage. Another interpretation is that even though infection took place, bacteriophage did not lyse the host cell but rather started coexistence with the host, or lysogenic interaction took place (Jiang and Paul, 1998) . In both the cases, mutation either on the side of the host or the bacteriophage or both must have taken place. The result implies the existence of a very complex interaction between bacteriophage and host.
Conclusions
In this study, bacteriophages for slow growing bacteria isolated from EBPR activated sludge were isolated and they were examined for their host range. Bacteriophages were obtained by a plaque formation test for 4 out of 12 bacterial isolates. During the host range study, three out of four isolated bacteriophages were observed to have a broad host range. One bacteriophage was found to infect both Gram +ve and Gram -ve hosts. However, this finding needs to be further confirmed. The development of bacteriophage resistance was also observed by two bacteria for their co-occurring bacteriophages.
Based on the results obtained in the present study, it is concluded that there are bacteriophages with quite broad host range in activated sludge, and it seems that bacteriophage-host interaction in activated sludge ecosystems is very complex.
